Effects of applications of pig slurry on soil aggregate stability are not well understood in dryland agriculture. This research aims to (i) identify aggregate stability tests that give a reliable description of the soil's behaviour when pig slurry (PS) is applied to calcareous soil and (ii) interpret them in terms of chemical, biological, morphological and physical soil properties for soil quality assessments. Soil samples from eight fertilizer treatments (mineral fertilizers and PS), applied over seven growing seasons were analysed. We applied five methodologies to examine different mechanisms of aggregate breakdown. Porosity was characterized by image analyses. There was minimum resistance to the mechanical breakdown of aggregates when slurries had been applied 12 months before analysis. Recent applications of slurry (3 months before the analysis) improved resistance to implosion caused by the penetration of water into dry aggregates (slaking), although the opposite result can occur if the method of evaluation is not chosen properly. Recent applications of PS also enhanced soil respiration and increased soil porosity in the 25-100-μm size range (packing pores between aggregates) and in the 100-400-μm size range (interaggregate or faunal pores). In dryland systems and in the winter cereal cropping season, the resistance of dry aggregates to slaking is improved temporarily if PS is applied at N rates equivalent to around 1.7 Mg OM ha
Introduction
The stability of soil aggregates and architecture of the pore space affect the movement and storage of water, aeration, erosion, biological activity and the growth of crops. The chief mechanisms of aggregate breakdown by water are: (i) compression of air entrapped inside aggregates during wetting, which occurs when dry aggregates are immersed in water or rapidly wetted, (ii) breakdown by microcracking of aggregates because of internal pressure from differential swelling of clays, (iii) mechanical breakdown of aggregates by external pressures caused by raindrop or other impacts and (iv) physicochemical dispersion caused by changes in the double-layer forces that act between electrically charged colloids. Slaking and differential swelling induce changes in soil structure because they result in the breakdown of larger macroaggregates to smaller microaggregates. Raindrop impact and physicochemical dispersion may cause the release of soil particles. Every cause of aggregate breakdown requires different methodologies to measure it. Some differences arise from the swelling potential of different soil minerals (Emerson, 1964) because the clay fraction in natural aggregates usually consists of a mixture of minerals of various particle sizes. In semiarid environments, the presence of carbonates interferes with the relation between clay minerals and soil aggregation, resulting in enhanced macroaggregate stabilization in carbonate-rich soil but with less porosity within the macroaggregates (Virto et al., 2013) . Furthermore, because calcium adsorbs better to clay surfaces than sodium, it reduces swelling and dispersion, which preserves structural integrity. The type of clay minerals also affects the proportion of air and water in an aggregate. The air-filled porosity of aggregates dominated by kaolinite and illite is larger than that of aggregates dominated by smectite (Oades, 1986) , which also implies greater hydraulic conductivity in the former. Kaolinite and illite have more rigid structures than smectite, and the stress induced by the rapid entrapment of air inside aggregates containing kaolinite and illite facilitates slaking (Tessier et al., 1990) . Slaking is also affected by the initial water content. Slaking decreases as the initial water content of aggregates increases until saturation is reached (Panabokke & Quirk, 1957) .
Size distribution, quantity and stability of aggregates determine the amount and distribution of pore spaces associated with them. Soil pore characteristics are required for the complete assessment of habitat availability for micro-fauna and microorganisms, of the aptitude for root growth, of fluid transport through the soil profile and of soil aeration. Lynch & Bragg (1985) suggested that pores of 0.1-15 μm hold water available to plants, pores larger than 30-60 μm allow water to drain under gravity and those > 60 μm are important in gas exchange. The pore spaces affect almost everything that occurs in the soil; they are affected by particle-size distribution, soil structure and forces that disrupt this. Micromorphology techniques with 2-D images from undisturbed soil thin sections enable us to study the porosity of the 3-D soil body because some stereological relations exist, such as the one that equates pore volume density to their areal extent in 2-D (Ringrose- Voase & Nortcliff, 1987) .
There is clear evidence that microorganisms are involved in the aggregation process because microbial activity controls the production of exudates that act as binding agents in aggregates (De Gryze et al., 2005) . In any soil where clay is present, interactions between the polysaccharide exudates, organic colloids and other products of decomposition promote stability (Dontsova & Bigham, 2005) . Soil structure is improved by the addition of organic materials to soil (Tisdall & Oades, 1982) . Nevertheless, detailed information about the effects of pig (Sus scrofa domesticus) slurries on soil physical properties is lacking. This is an important issue in Spain because it is the leading European country for pig production, and pig slurries are often applied directly to fields each year, mainly in dryland farming systems. Furthermore, slurries of different origin have different composition; the main differences are between slurries from fattening pigs and sows (Yagüe et al., 2012a) .
Apart from its OM content, pig slurry (PS) can affect soil structure in various ways. Slurries supply Na, Mg and Ca in addition to the three major nutrients (N, P and K). The exchangeable cations (K + , Na + , Mg 2+ and Ca 2+ ) affect aggregation. Sodium (Na + ) causes mainly swelling or dispersion or both of clay particles and slaking of unstable aggregates (Crescimanno et al., 1995) . Aggregate dispersion generally leads to rapid crusting of the soil, slow infiltration and great mobility of particles in water. In calcareous soil (with exchangeable sites saturated with calcium), both Ca
+2
and Mg +2 reduce clay dispersion (Amézketa & Aragües, 1995) . Furthermore, the adsorbed K + limits clay dispersion because of its hydration energy, which is equivalent to 72% of that of adsorbed Na + (Levy & Torrento, 1995) . The main goal of this study was to assess methodologies that can reflect potential changes in aggregate stability with the application of PS to calcareous soil. We began with the hypothesis that (i) success in quantifying potential changes in aggregate stability after a medium period (seven growing seasons) of PS use will be closely linked to the dominant breakdown mechanism taking place, (ii) the best evaluation method should be supported by other soil properties such as chemical (cation exchange capacity, CEC), biological (soil respiration) and physical (pore-size distribution from image analyses in spite of the scale differences between aggregates or the soil fraction, and porosity in the bulk soil) properties and (iii) the differences between the methods could be affected by the length of sampling time since the last slurry application.
The choice of methods took into account the different mechanisms of aggregate breakdown and the factors affecting them, such as the method of wetting. Although the aggregate stability tests were designed mainly to compare different types of soil or climatic conditions for a given soil (Le , we applied them to compare time-dependent changes associated with fertilizer management.
Materials and methods

Site description
The experiment was in the Ebro valley (NE Spain). The area has a Mediterranean semiarid climate with an average annual precipitation of 436 mm for the period 2000-10. The altitude is 443 m a.s.l. and the coordinates are 41 ∘ 52 ′ 29 ′′ N, 1 ∘ 09 ′ 10 ′′ E. The soil is classified as a Typic Xerofluvent (Soil Survey Staff, 2014) the surface horizon (0-0.30 m) had a pH of 8.2 (1:2.5 soil:distilled water), organic matter content was 20.1 g kg −1 , CEC was 11.1 cmol c kg −1 and the texture is a silty loam (131 g kg
sand, 609 g kg −1 silt and 260 g kg −1 clay). Illite and chlorite are the dominant clay minerals with traces of talc and 1:1 clays such as kaolinite (Figure 1 ). The soil is not saline and calcium carbonate (CaCO 3 ) content was 300 g kg −1 . The experimental site was established in 2002 and winter cereals were grown until 2011, except for the 2007-2008 cereal growing season when the field was left fallow. The rotation was 3 years barley (Hordeum vulgare L.) and 1 year wheat (Triticum aestivum L.). Sowing was carried out between late October and early November, and after harvest (end of June to early July) straw was removed from the fields for animal bedding and feed.
The experimental area was divided into three blocks and seven fertilizer treatments were assigned at random to the plots in each block. These treatments yielded an average biomass (at 0% humidity) that ranged from 2985 to 3543 kg grain ha −1 year −1 . One control (no N, no OM applied) with an average grain yield (0% humidity) of 2624 kg ha −1 year −1 was also included to give eight treatments in total (Table 1) . Apart from this control, one treatment received only mineral fertilizer and the rest (six treatments) included PS of different origins, either fattening pigs (FS) or sows (SS). Just before sowing, four treatments received 30 t ha −1 year −1 of slurry from fattening pigs (30FS); the remaining four did not receive slurry or mineral nitrogen (0). In February (at the cereal tiller growth stage), the soil of six of the treatments received fertilizer. Two of them received mineral nitrogen fertilizer (M), 60 or 120 kg N ha −1 year −1 (60M or 120M), two received slurry from fattening pigs, 20 or 60 t ha −1 year −1 (20FS or 60FS) and the last two received slurry from sows, 60 or 90 t ha −1 year −1 (60SS or 90SS). In the two treatments where slurry was applied only at tillering (0-60FS or 0-90SS, rates at sowing and tillering, respectively), the average range of OM applied (1764-2622 kg ha −1 year −1 ) was similar to the range applied (1681-2491 kg ha −1 year −1 ) to plots that received slurry only at sowing (30FS-0 or 30FS-60M, rates at sowing and tillering, respectively) or combined with slurry at tillering (30FS-20FS or 30FS-60SS, rates at sowing and tillering, respectively). Apart from yield records, the treatments were chosen because they enabled comparisons between the amounts of OM applied and between the different application times. Treatments 0-90SS and 30FS-0 had similar average amounts of OM applied over the seven growing seasons (Table 1) . These rates of OM applications were also increased by 50% in two other treatments (0-60FS and 30FS-20FS). Finally, we added an intermediate rate of treatment of 30FS-60SS with an increment of 25% in the OM applied. a SE, standard error of the mean / %; SED, standard error of a difference / %; LSD, least significant difference test / %; all for P = 0.05 with 24 degrees of freedom.
Slurries were applied by the splash plate method. The control and the plots with only mineral N fertilizer (0-120 M, rate at sowing and rate at tillering, respectively) received mineral phosphorus (42 kg P ha −1 year −1 ) and potassium (89 kg K ha −1 year −1 ) before sowing.
All fertilizers applied just before sowing were incorporated into the soil and mixed with the stubble remaining in the field by tillage with an offset disc harrow (0-0.15 m). This incorporation favours a uniform distribution of slurries at depth. The size of plots that had pig slurry was 274 m 2 (11-m wide and 25-m long) and the size of the control plots and plots with mineral fertilizer only (0-120 M) was 174 m 2 (7-m wide and 25-m long).
Soil sampling, chemical and biological soil analysis
Soil sampling was carried out 2 days before top-dressing on 23 February 2011 (after 7 years of fertilizer treatments and one of fallow). This means that four treatments were sampled 3 months after the last slurry application (S3mo) and two treatments were sampled 12 months after the last slurry application (S12mo). From each treatment and block, soil samples were taken at 0-10-cm depth with a corer (7 cm in diameter with steel bores) to assess aggregate stability and biological activity, and for chemical analysis. For each plot (associated with a specific treatment), four points were sampled. Part of each sample was air-dried and stored, and the rest was refrigerated before processing. All samples were sieved gently to 2 mm before being analysed. Furthermore, undisturbed soil samples from a similar depth to the above were taken to study porosity from soil thin sections. From each treatment, three undisturbed soil samples with a rectangular prism shape (6.2 cm × 9.1 cm × 19.3 cm) were taken from the three replicate blocks to give 72 samples or rectangular prisms. The undisturbed rectangular prisms were dried at room temperature and impregnated with polyester resin with a fluorescent dye (Uvitex©, CibaGeigy Ltd, Manchester, England). One vertical thin section (50-mm wide, 130-mm long) was made from each prism. Pore morphology was evaluated qualitatively.
From each thin section, three fields (31.5-mm wide, 42.0-mm long) were selected to obtain images with an Olympus ® C-7070 wide zoom camera (Olympus Corporation, Tokyo, Japan) under three light conditions: parallel polarizers (PPL), crossed polars (XPL) and incident UV light. The latter was processed with ImageJ (Rasband, 2008) to obtain digital binary images (with PPL and XPL as control) from which the total porosity was analysed statistically. Each image set was used to analyse pore-size distribution based on an 'opening' algorithm of mathematical morphology with the Quantim4 library (Vogel, 2008) . Pore sizes were identified in the Figure 2 Average values of stability of aggregate tests: (a) mean weight diameter (MWD), slow wetting (SW), fast wetting (FW) and stirring after pre-wetting (mechanical breakdown, MB) and (b) the water stable aggregates (WSA) standard method of Kemper & Rosenau (1986) with pre-wetting (WET) and the modified method without pre-wetting (DRY) for each fertilizer treatment: mineral (Mineral), slurry applied 12 months before sampling (S12mo) or slurry applied 3 months before sampling (S3mo). Treatment acronyms are described in Table 1. following four ranges (values in micrometres): 25-65, 65-100, 100-200, 200-400 and > 400 μm.
Cation exchange capacity and exchangeable cations were evaluated (for each treatment and block) by extraction with ammonium acetate 1N (pH = 7) in a composite sample (obtained from the four sampled points) of each plot. The exchangeable cations K + , Na + , Mg 2+ and Ca 2+ were determined following Hendershot et al. (2008) .
Microbial activity and aggregate stability procedures required three and four replicates, respectively, to be analysed for each plot and should be evaluated as soon as possible after sampling. Therefore, these procedures were applied to samples from the different treatments from one block only in the central area of the experimental site.
Soil respiration (Alef, 1995) was determined by measuring the CO 2 produced during a 21-day incubation experiment at 28 ± 2 ∘ C, measured at 1, 7, 14 and 21 days during the incubation period. For each treatment and the three replicates, 100 g of soil adjusted to 65% of its water-holding capacity was placed in a 2-l hermetic glass jar with a vial containing 25 ml 0.1 m NaOH; the NaOH was titrated with 0.1 m HCl with phenolphthalein as the indicator.
Physical soil analysis: methods for measuring aggregate stability
Aggregate stability was measured first according to aggregate-size distribution (mean weight diameter, MWD), which included three different methods for three different initial disrupting forces: slow wetting (MWD SW ), fast wetting (MWD FW ) and stirring after pre-wetting, which causes mechanical breakdown (MWD MB ).
Water-stable aggregates were also determined by the wet method (WSA WET ) and its modification (WSA DRY ), which avoided initial slow pre-wetting. Four laboratory replicates were used for each plot and every aggregate stability method.
The MWD relates to the aggregates that remain after the various treatments leading to disaggregation. Treatments included: slow wetting, which measures the stability of aggregates affected by differential swelling (microcracking of aggregates); fast wetting, which measures the resistance of soil aggregates to the implosion caused by the penetration of water into soil aggregates (slaking) and by the dissolution and dispersive actions of water; and stirring after pre-wetting, which measures the stability of aggregates subjected to mechanical breakdown (stirring). Analyses were carried out following the method of Amézqueta et al. (1996) , which uses 1-2-mm diameter aggregates, but includes the size fraction < 0.25 mm. These authors used ethanol in one of the tests and in the measurement of disaggregation because it enables different breakdown mechanisms to be studied independently. Ethanol prevents slaking and swelling because of its relatively low surface tension and its much smaller dielectric charge than that of water. In addition, particles do not reaggregate during drying (Merzouk & Blake, 1991) .
The different disrupting mechanisms were applied to 4 g of soil aggregates: (i) slow wetting, where aggregates were placed on a 0.25-mm mesh sieve and wetted until saturation in a vapour chamber (deionized water), (ii) fast wetting, where aggregates were placed on a 0.25-mm mesh sieve and immersed gently for 10 minutes in 100 ml of deionized water and (iii) stirring after pre-wetting, where aggregates were immersed gently in 50 ml of ethanol for 10 minutes. Following this, the ethanol was removed Figure 3 Size distribution of aggregates after fractionation into four classes (> 1 to 2 mm, > 0.50 to 1 mm, > 0.25 to 0.50 mm and < 0.25 mm) following three methods, (a) fast wetting, (b) slow wetting and (c) stirring after pre-wetting (mechanical breakdown), and for different fertilizer treatments: mineral (Mineral), slurry applied 12 months before sampling (S12mo) or slurry applied 3 months before sampling (S3mo). Treatment acronyms are described in Table 1. carefully by decantation and the aggregates were transferred to an Erlenmeyer flask filled with 50 ml deionized water, and the level was adjusted to 200 ml. The Erlenmeyer was corked and agitated end over end 20 times, and left for 30 minutes to allow coarse particles to settle. After removing the excess water by pipette, the remaining soil-water mixture was transferred to a 0.25-mm mesh sieve.
In all procedures, the sieves were transferred to the modified Yoder apparatus and disaggregation involved moving the sieves immersed in ethanol (95%) up and down mechanically 10 times over a distance of 1.3 cm.
The fraction > 0.25 mm was oven-dried (105 ∘ C, 24 hours) and dry-sieved for 1 minute on a column of four 6.5-cm diameter sieves with mesh sizes of 2.0, 1.0, 0.5 and 0.25 mm with a standard mechanical sieve shaker.
The aggregate stability for each treatment was expressed as MWD (μm). It was calculated by Equation (1):
where n is the number of aggregate size fractions considered in the analysis, D i is the mean diameter of aggregates that can potentially stay in the ith and i + 1 sieves in the four size class, D 1 = 1.5 mm (≥1 to 2 mm), D 2 = 0.75 mm (≥0.5 to 1 mm), D 3 = 0.375 mm (≥0.25 to 0.5 mm) and D 4 = 0.125 mm (<0.25 mm), and W i is the mass percentage of each fraction, which equals the dry weight of aggregates in the ith size fraction (g) divided by the sum of total sieved dry soil weight fractions (g) including the smallest (<0.25 mm) after disaggregation. The standard test for water-stable aggregates (WSA WET ) is the single-sieve (0.25 mm) method (Kemper & Rosenau, 1986) . We placed 4 g of a 1-2-mm air-dried sample (Mt) on the sieve, which was wetted with deionized water vapour (slow wetting) to saturation. The sieve was placed in a modified Yoder apparatus and was raised and lowered through a 1.3-cm vertical distance for 3 minutes at a frequency of 0.6 Hz in deionized water. Soil remaining on the sieve was oven-dried (105 ∘ C, 24 hours) and weighed to give the mass of the resistant or stable aggregates (Mr). After weighing, aggregates were dispersed with an ultrasonic probe for 30 minutes. The fraction of each sample remaining on the 0.25-mm sieve was oven-dried (105 ∘ C, 24 hours) and weighed to obtain the Figure 4 Average values of exchangeable cations (K + , Mg 2+ , Na + and Ca 2+ ) for each fertilizer treatment: mineral (Mineral), slurry applied 12 months before sampling (S12mo) or slurry applied 3 months before sampling (S3mo). Treatment acronyms are described in Table 1 . 
In the modified test (WSA DRY ), air-dried samples (Wt) were processed directly without being vapour wetted first in order to cause maximum disruption of aggregates.
Statistical analysis
The statistical analyses were performed with SAS v9.4 (SAS Institute Inc., 2002-2012). Data were analysed by an analysis of variance (anova) and the residuals were checked for normality and homogeneity of the variances. If these assumptions did not hold, appropriate transformations were applied. The standard error of the difference between means (SED) was computed and means were compared with Fisher's least significant difference (LSD). Differences were considered significant at P < 0.05.
The samples (four for each treatment) used to measure respiration and aggregate stability were taken from one block only; therefore, there is no true replication (pseudo-replication) and any significant differences identified must be treated with caution. The distances between samples within a plot can be larger than those between samples from different treatments (plots are 7-11-m wide and 25-m long), and the results of these properties are consistent with the differences obtained between treatments for the rest of the measurements that did have true replication (three blocks).
Results
Aggregate stability
The coefficient of variation (CV) of aggregate stability data, irrespective of the applied test, was <19%, except for WSA WET for the 0-90SS treatment (CV = 24%). The MWD MB , MWD FW and WSA DRY tests enabled us to detect differences between fertilizer treatments on aggregate stability (Table 2 ). The WSA DRY test established a grading in the increase in stability following the treatment order (from the smallest to the largest value): control → mineral → S12mo → S3mo. In slurry treatments, the smallest values of MWD MB were also recorded in treatments where it was applied 12 months before; however, the opposite occurred for MWD FW (smallest values in S3mo treatments). The gentle slow-wetting methods (WSA WET , MWD SW ) reduced disaggregation (Figure 2a,b) , mainly in the larger (1-2 mm) aggregate class (MWD SW , Figure 3 ).
Exchangeable cations
There were no significant differences between the three blocks in exchangeable cations. Soil exchangeable Mg 2+ (Figure 4 ) increased to 1.34 cmol c kg −1 soil if slurries were included in the fertilizer treatment compared with mineral fertilizer (0.66 cmol c kg −1 soil). Otherwise, Na + exchangeable cations tended to increase with time in treatments that received slurries, although the differences between fertilizer treatments were not significant (Table 3 ; Figure 4 ). Differences in K + contents were variable and significant differences depended upon which treatments were compared.
Soil respiration
Average soil respiration after 21 days of incubation (Tables 4, 5) in recent (3 months previously), PS-amended soil (0.72-0.88 mg CO 2 -C kg −1 dry soil hour −1 ), was larger than that from the control and mineral treatments (0.41-0.48 mg CO 2 -C kg −1 dry soil hour −1 ) and also from treatments (S12mo, 0-60FS and 0-90SS) that had received slurries at the smallest rate 12 months previously (0.64 and 0.47 mg CO 2 -C kg −1 dry soil hour −1 ). The main differences were more evident during the first 14 days of the incubation period (Table 6; Figure 5 ).
Water-stable aggregates (WSA DRY ) and mean weight diameter with fast wetting (MWD FW ) were plotted against accumulated respiration over a 21-day period. As accumulated respiration increased, the WSA DRY increased but MWD FW decreased (Figure 6 ).
Soil porosity
The qualitative assessment of porosity by micromorphology showed that the soil treated with mineral fertilizer and the control had mainly fissures and vughs, whereas samples fertilized with slurry tended to have compound packing pores between aggregates; a SE, standard error of the mean / %; SED, standard error of a difference / %; LSD, least significant difference / %; all for P = 0.05 with 16 degrees of freedom.
Figure 5
Soil respiration average (mg CO 2 -C kg −1 soil hour −1 ) after 1, 7, 14 and 21 days of incubation for each treatment: mineral fertilizer (Mineral), slurry applied 12 months before sampling (S12mo) or slurry applied 3 months before sampling (S3mo). Treatment acronyms are described in Table 1. these were more evident for treatment with slurry from fattening pigs (Figure 7 ). The image analyses showed an overall increase of total porosity in the plots fertilized with slurry ( Figure 7 ), which is supported by the results of the analysis of variance (Tables 7,  8 ) of total porosity (> 25 μm). The pore-size distribution showed that recent slurry application at sowing (3 months before sampling) increased porosity in the ranges from 25 to 100 μm and 100 to 400 μm when compared with mineral fertilizer or with the control (no nitrogen) plots (Table 8 ). These differences tended to disappear when slurry had been applied 12 months before sampling (Tables 7, 8 ).
Discussion
The consistency of our results on aggregate stability is shown by the coefficients of variation, which fall within the accepted ranges in the literature (Saygin et al., 2012) . Table 1 .
The slow-wetting treatment (MWD SW and WSA WET ) resulted in fewer differences between fertilizer treatments (Table 2 ; Figure 2a ,b). Slow-wetting before wet-sieving of aggregates is an accepted practice because maximum aggregate stability is obtained in saturated samples . If later sieving is carried out in ethanol, the intensity of disaggregation is even more limited (Le . We observed this in the larger MWD of aggregates subjected to the slow-wetting procedure (Figure 3a-c ).
An increase in Mg 2+ , which occurred with our slurry treatments (Figure 4) , might cause considerable swelling if expanding clays are present. In our case they were absent because illite and chlorite are the dominant clays (Figure 1 ). Because no significant variation was detected in exchangeable Na + (Table 3 ; Figure 4 ), the observed changes in aggregate stability for the different methods cannot be attributed to changes in the type of adsorbed cations or to increments in the sodium adsorption ratio (SAR).
Our slurries had a small C:N ratio (∼6-8, Table 1 ) with mineral NH 4 + -N up to 70% of total N ( Table 1) . The large initial availability of N when slurries had been applied just after stubble incorporation might reduce the proportion of macroaggregates (Bossuyt et al., 2001) . The small MWD FW in S3mo samples (Figure 2a ) because of the lack of macroaggregates (Figure 3a ) supports this hypothesis. In contrast, the WSA DRY test indicates a better resistance to slaking disaggregation in S3mo samples than in the 0-120 M treatment (where no mineral N had been applied until tillering of the cereal) with the larger number of macroaggregates (> 250 μm). In fresh PS, organic carbon content is mainly in a water-soluble form (Bernal et al., 1991) and hemicellulose is the major polysaccharide (Müller, 1980) with a content that might be up to 89% greater than that of cellulose, although lignin and cellulose are almost undigested by pigs. Polysaccharides can act as transitory binding agents (Tisdall & Oades, 1982) . The predominance of easily degradable compounds is corroborated by soil respiration after 21 days of incubation in recent (S3mo) PS-amended soil (Tables 4, 5) . The relation between WSA DRY and accumulated respiration ( Figure 6 ) indicates that more microbial activity occurs when the soil OM light fraction is greater (Yagüe et al., 2012b) . In contrast, when MWD FW is introduced as the stability test (Figure 6 ), the relation means that some transient binding agents (glues) associated with recent slurry incorporation (30FS treatments at sowing) could be affected first by dissolution with 10 minutes of immersion in deionized water, and second by ethanol because polysaccharides are soluble in both liquids (Lawther et al., 1995) . These transient binding agents are easily degraded by microorganisms, which contribute to the relatively large rates of respiration and lead to a negative relation with MWD FW . Solubilization was reduced as the soil OM became more protected with time.
The largest values of MWD FW in S12mo samples can be explained by the nature of the soil. In carbonate-rich soil, aggregate formation The porosity data / % for each interval were transformed (x 0.5 ) to fulfil the requirements of normality and homogeneity of variances in anova (analysis of variance). (Figure 2a) . Differences between S12mo and S3mo were also shown in the MWD MB test but they show the reverse trend to that in MWD FW , probably because carbonate coatings do not protect the aggregates effectively from stirring. In our case, the mechanical energy applied in the MWD MB test broke up the aggregates in the upper size range (1-2 mm), but it was insufficient to break up aggregates of the next size down; the main proportion of aggregates was in the 0.5-1 mm range ( Figure 3c ). The effect of PS application on aggregate stability to mitigate against slaking (MWD FW or WSA DRY values) is important because slaking occurs when aggregates are wetted rapidly. Rapid wetting occurs in our Mediterranean climate because the soil surface is usually dry when the erratic rainfall occurs, and there is also little soil cover from sowing until tillering. Furthermore, non-expanding clays such as illite, chlorite and to a lesser extent kaolinite predominate in our soil and are more likely to be associated with slaking than swelling clays (Emerson, 1964) . In addition, the clay content of our soil is small, which also means that slaking is more likely .
Although aggregate stability does not necessarily decrease with decreasing macroporosity (Bresson & Moran, 2004) , the decreasing stability in WSA DRY (Figure 2b ) is followed by a decrease of macroporosity in the 25-200 μm range.
Furthermore, total porosity (> 25 μm) under mineral fertilizer did not differ significantly (Table 8) from that under slurry fertilizer. This could arise from the development of fissures (planar voids) that masked useful porosity (e.g. 0-120 M, Figure 7 ). The differences that appear at the 25-100-μm pore size (at which the S3mo treatments surpassed mineral treatment) are important because these pores are packing pores between the granular aggregates, and as such are involved in capillary movement of water and soil aeration (Oades, 1984) . These differences also appear, although less clearly, between the 100 and 400-μm pore sizes, which correspond to interaggregate or faunal pores involved in the fast drainage of water and root growth. As differences disappear with time (mineral and S12mo), they could favour water infiltration in the early stages of crop growth, which coincides with winter rains here. This idea requires further research.
Overall differences between more recent and older slurry treatments, or between more recent slurry and mineral fertilizer treatments are in accord with Du et al. (2016) , who found an increase in aggregates between 0.25 and 0.5 mm after the application of biogas pig slurry. They suggested that the controlling factor for the formation of these aggregates and microaggregates resulted from the combination of high specific surface area of the organic molecules in the slurry together with the action of the functional groups of the slurry hydrophilic colloids (Liang et al., 2005) . Similarly, Grunwald et al. (2016) explained this effect by the more fluid nature of slurry than biochar or manure as aggregants, allowing it to spread more readily over the surfaces of soil components and enhance their ability to form aggregates.
Conclusions
In this dryland system, slaking is the main agent for aggregate breakdown in calcareous soil. Nevertheless, if PS is the fertilizer, the stability tests (MWD FW and WSA DRY ) can result in contradictory assessments of resistance to slaking. When WSA DRY reached the largest values, MWD FW values were the smallest, probably because of the water's interaction with transient binding agents (water-soluble glues) from PS. Nevertheless, further research is needed on the nature and evolution over time of these binding agents. Carbonates probably prevent OM decomposition, which can be deduced from evolution of the rate of respiration during a growing season and from differences in aggregate stability when mineral and organic fertilizers were compared. The introduction of pig slurry into fertilization strategies benefits porosity, mainly in the 25-200-μm range area, but again this is a transient effect. These pores are associated with the capillary movement of water, soil aeration, fast drainage of water and root growth; therefore, this could be important in the water dynamics of the early crop cycle.
